With a reduced set of 300 neurons and a fully sequenced genome, the multicellular nematode Caenorhabditis elegans has recently gained increasing interest as a model organism for neurobiological studies. One particular area of interest is related to worm locomotion and the investigation of the correlation between individual genes, neurons, muscle arms and the motion pattern of the nematodes. To characterize motion patterns of moving C. elegans we have previously demonstrated an automated force measurement setup using microfabricated polydimethylsiloxane (PDMS) pillars and image processing. In this paper we introduce an integrated microfluidic device for worm sorting and force measurement. The device allows for high-throughput measurements by combining sorting functions on-chip with the existing force pattern measurement system. A horizontal sorting channel and branching vertical pillar array channels are utilized for worm sorting. Using the former, the nematodes can be flow-directed into arrays of 40 µm and 60 µm diameter pillars based on worm size and type. This improves animal survival and increases the relevance of the force measurement by allowing one to match the amplitude of the worm movement to the pillar spacing. The PDMS based device consists of three layers: a fluidic layer with pillars for force measurement at the bottom, a gas layer on top and a thin PDMS layer sandwiched between them. By applying pressure to the gas layer, the membrane in the middle will be deflected thus restricting the worms' movement in the fluidic channel.
Introduction
Having only 302 neurons and a simple nervous system, Caenorhabditis elegans (C. elegans) is an excellent model organism for research in genetic and neurobiology [1, 2] . In addition, the transparent nematodes are easy to culture and can be genetically modified to obtain mutants with different numbers of muscle arms, which subsequently affects the motion patterns of the nematode. This has made it an interesting model for studies related to worm locomotion and the investigation of the correlation between individual genes, neurons, muscle arms and the motion pattern of the nematodes [3] . Therefore, a polydimethylsiloxane (PDMS)-based force sensor which is capable of measuring C. elegans force in motion has been developed previously [4] . In order to measure the force, the worm is put inside a closed microchannel with parallel arrays of pillars on a PDMS device. When moving in a sinusoidal manner, the worm bends the pillars, whose deflection can be sensed by a camera. Figure 1 shows the schematic of C. elegans movement in the PDMS device and the corresponding bending of the pillars. Using a well established force-deflection model of the pillars, the force of C. elegans in motion can be resolved from the deflection obtained via image processing. However, little has been seen in terms of high-throughput microfluidic systems for C. elegans sorting and manipulation which integrate other function on a single device. Rohde et al. [5] have demonstrated an on-chip microfluidic system for high-throughput whole-animal sorting, genetic and drug screening at subcellular resolution. Chung et al. [6] presented an integrated automated microsystem to perform high-throughput, high resolution microscopy which simultaneously allows for sorting based on nematode phenotype.This has inspired us to develop a system for highthroughput automated force pattern measurement of C. elegans. Having developed an existing force sensor, we have designed microfluidic devices that combine the function of force measurement with high-throughput sorting. Our device is able to sort worms based on size and type (wild type/mutant) and at the same time perform force measurement of the nematodes automatically. In comparison to the previous work [4] , our device can reduce manual handling during experiment, thus increasing the chance of worm survival, and hence provide higher throughput of the system.
Experimental Setup
The microdevice is composed of three PDMS layers fabricated using soft lithography technique where the top and bottom layer is separated by a thin membrane. The bottom layer is the fluidic layer having three 100µm deep fluidic channels with two fluidic inlets. Each channel consists of pillar arrays which are used for force measurement. For different worm sizes, pillars diameters are varied from 40µm to 60µm. The top layer is a pneumatic channel layer which functions as a valve, where the closing and opening is controlled pneumatically. Figure 2 shows the experimental setup for the device. All inlets for the fluidic layer and the pneumatic layer are accessed from the top of the device, with tygon tubing (Cole-Parmer) inserted into each inlet and connected to a syringe pump (Harvard Apparatus, Holliston, MA) for continuous fluid flow. The microfluidic device was placed under a microscope (Nikon Eclipse 80i) for experimentation. Prior to loading, de-ionized (DI) water was injected into the device channel to provide moisturized environment that is required for the worm to move naturally.
Worm Culture and Maintenance
Nematodes were cultured as described in [7] . In brief, three steps are required to maintain the culture. First, 60 mm nematode growth medium (NGM) Petri dishes are prepared for holding the worm. Then, 600µl of saturated LB culture of bacteria E. coli strain OP50 was spread onto the fresh NGM agar plate for feeding the worm. The plate is kept in a 37°C incubator for 24h to form a bacterial lawn. Finally, worms were transferred to fresh plates of NGM to maintain healthy stocks of worms. Figure 3 shows a complete schematic of the microfluidic device. The device was fabricated in PDMS (Sylgard 184 Silicone Elastometer) by a replica molding process. Details about the device fabrication process have been described previously [8] . In the beginning, the device is limited to 3 channels but it can be easily extended to having more channels with additional spacing variations in the future. Worms are loaded from the inlets of the horizontal channel, with all valves, which are numbered from 1 to 7, closed initially. Depending on the size of the nematodes, worms are directed to a certain channel for force measurement. Channels A and C consist of pillars with diameter of 60µm, while channel B contains pillars with a diameter of 40µm. For instance, if the loaded worm is to be directed to channel A, only valves 4, 6 and 7 will be closed at first. Once the worm has passed channel C, valve 1 is closed to ensure that the worm keeps moving forward. Continuous fluid flow from the vertical fluidic inlet to the outlet will also help the worm moving in the device. When the worm has reached channel A, valve 3 will be closed to avoid potential worm backtracking. The opening and closing of the valves are controlled automatically using computer software. Adult wild-type C. elegans were used to demonstrate the performance of the proposed microfluidic device. Generally, when the worm is loaded into the inlet, it will move freely in the liquid-filled channel. When one of the valves is closed, the nematodes are directed to swim into an open channel containing the pillars as shown in Fig. 4 , so that force measurement can be conducted. The microscope stage was manually moved in a discrete manner only when the worm was moving beyond the field of view of the camera, which is necessary to reduce potential disturbances caused by the stage movement on the worm locomotion. To measure the force, an image processing algorithm was employed to track pillar deflection precisely. The relationship between pillars deflection and force was derived and calculated previously [8, 9] By controlling the incorporated microvalves, the device was able to sort and direct individual worms into a certain channel for imaging and force measurement ( Fig. 5 ). By having more than one channel, multiple force measurements of worms can be performed simultaneously hence providing high-throughput sorting functions and automated force pattern characterization. Initial results on force measurement are shown in Fig. 6 and Table 1 , where three pillars of interest were selected for deflection measurements. Force was measured when worms are bending three different pillars simultaneously. Figure 6 demonstrates the linear relationship between the deflections of each pillar vs. force exerted by the worms, where the maximum deflection was obtained to be 20.36µm. Table  1 shows the maximum absolute value of force received by the three pillars in x and y coordinate directions and in total. The maximum calculated force value determined was 33.87µN when the top center of pillar 2 experienced its maximum deflection of 20.36µm.
Results and Discussion

Conclusion
We have designed and fabricated a PDMS-based microfluidic device for sorting and imaging C.elegans and integrated it with force measurement. Our device is able to sort worms based on their size and type and additionally increase the chance of worm survival during experiment (higher throughput). The maximum measured force applied to the pillars by a C. elegans nematode was 33.87µN for an observed deflection of 20.36µm. The measured deflections and calculated forces provide very useful information about the forces and patterns generated by C. elegans in motion. Future work will include focus on further biological experiments to collect statistically significant data for large scale samples. 
